Optical power transfer and communication methods for wireless implantable sensing platforms by Mujeeb-U-Rahman, Muhammad et al.
Optical power transfer and
communication methods for wireless
implantable sensing platforms
Muhammad Mujeeb-U-Rahman
Dvin Adalian
Chieh-Feng Chang
Axel Scherer
Downloaded From: http://biomedicaloptics.spiedigitallibrary.org/ on 12/17/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
Optical power transfer and communication methods
for wireless implantable sensing platforms
Muhammad Mujeeb-U-Rahman,* Dvin Adalian, Chieh-Feng Chang, and Axel Scherer
California Institute of Technology, Electrical Engineering, 1200 East California Boulevard, Pasadena, California 91125, United States
Abstract. Ultrasmall scale implants have recently attracted focus as valuable tools for monitoring both acute and
chronic diseases. Semiconductor optical technologies are the key to miniaturizing these devices to the long-
sought sub-mm scale, which will enable long-term use of these devices for medical applications. This can
also enable the use of multiple implantable devices concurrently to form a true body area network of sensors.
We demonstrate optical power transfer techniques and methods to effectively harness this power for implantable
devices. Furthermore, we also present methods for optical data transfer from such implants. Simultaneous use of
these technologies can result in miniaturized sensing platforms that can allow for large-scale use of such sys-
tems in real world applications. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.9.095012]
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1 Introduction
The application of microelectronic technologies to medicine has
the potential to revolutionize the field of biomedical engineer-
ing.1 The advent of smart and ultrasmall (sub-mm) wireless
sensing implants can bring an entirely new type of healthcare
paradigm to bear as well as improve biomedical research and
diagnostics.2 This size scale will make the implantation and sub-
sequent removal of such devices easier and cheaper. It will also
minimize implantation tissue damage and hence decrease the
foreign body immune reaction.3 The miniaturization of these
functional implants will also permit these devices to achieve
their long-term potential for continuous health monitoring.
A fully functional implant consists of a sensor, control cir-
cuit, power component, and communication component.4 Every
component of an implant needs to be optimized for volume, and
this work will demonstrate a significant advancement in that
effort. There are several examples in literature which demon-
strate miniaturization of some components such as sensors5
and control functions.6 Another important step to permit minia-
turization is utilizing shorter wavelength wireless techniques for
power transfer and communication.4 Electrical methods (i.e.,
inductive coupling and radio frequency links) have been applied
before to power and communicate with such devices, including
neural implants,7 retinal implants,8 and metabolic sensors.9 The
signal frequencies for such systems are limited to the near GHz
range by regulatory requirements and in vivo loss.10 Hence, the
fundamental nature of wavelength dependence for electrical
antenna design forces a limit on miniaturization of those
systems. Optical devices for wireless powering and communi-
cation, on the other hand, can be easily miniaturized to sub-mm
scale without seriously compromising their efficiencies.11
Hence, optical methods are very attractive to use for designing
implants when extreme miniaturization is desired. These meth-
ods can be used for both power transfer12 and telemetry.13
Using integrated systems to achieve wireless power transfer
and communication functions is a key step to decrease the foot-
print for the wireless implants. In this work, we demonstrate a
complimentary metal oxide semiconductor (CMOS) integrated
power harvesting system for wirelessly powering a miniaturized
implant chip. Furthermore, we provide an example of optical
data communication using an ultrasmall vertical cavity surface
emitting laser (VCSEL) on the same platform, thus demonstrat-
ing the possibility of using optical methods for both power trans-
fer and communication. We start this approach by considering
the integrated system design, choices of materials, and operating
wavelengths. Then we will consider the best optoelectronic
design practices to optimize the photovoltaic (PV) response
and apply these considerations into system design parameters
for a manufactured CMOS-based design. Finally, we will pro-
vide our measurement results for a completed CMOS design for
power transfer and a microlaser-based system for telemetry. The
ultimate goal of this work is to advance the realization of
extremely miniaturized and economical sensor systems which
are in high demand for a wide variety of applications.
2 System Design
The wireless device in this work is designed for implantation
under the skin in the subcutaneous region. The device has to
be miniaturized to near-mm size scale to minimize the foreign
body response.3 The goal is to use an integrated system for most
functions and minimize the use of discrete components. This
allows for extreme size reduction while maintaining a signifi-
cantly low cost. The implantable device is comprised of control
and processing electronics (Potentiostat), along with electro-
chemical sensing units, optical powering, and optical commu-
nication systems on the same platform.14 An external reader
unit is used to power the implant via an external laser and
also has a photodetector to collect the telemetry signal from
the implant. The complete setup is shown in Fig. 1.
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Silicon-based integrated electronics (CMOS) is the industry
standard for ultrasmall integrated systems.15 CMOS technology
provides on-chip control and processing circuitry with an
extremely small foot print, high reliability, and low cost.16
CMOS-based PV power harvesting systems can be much
smaller in size compared to other power harvesting methods.17
Silicon is not an ideal PV material with its indirect bandgap of
1.1 eV which is best suited to absorb photons of 1.1 μm and
smaller wavelengths, but it is by far the cheapest semiconductor
material.11 The photogenerated current inside any material
depends upon the intensity of light at that particular depth as
given in Eq. (1).11
EQ-TARGET;temp:intralink-;e001;63;429IðxÞ ¼ Ioe−αðλÞx. (1)
In this equation, α is the absorption depth of light of wave-
length λ, x is the actual depth, and I is the photogenerated cur-
rent given that Io is the photogenerated current at the surface
(x ¼ 0). The absorption depth in silicon ranges from a few
microns to tens of microns into the infrared regime.18
For optimum performance of implantable systems, the wave-
length of the optical signal has to be chosen to minimize absorp-
tion and scattering in the biological media (e.g., skin and tissue)
while maximizing absorption in the power harvesting subsystem
without creating detrimental heating. To this end, the optical
properties of in vivo tissue have to be understood to make
the choice of wavelength.
Human skin tissue has an intricate structure consisting of
three major layers: the epidermis, dermis, and hypodermis, as
shown in Fig. 2.19 The top layer is the epidermis (∼100 μm) and
its top subdivision is the stratum corneum which has a refractive
index of 1.55 and is commonly tens of microns thick.20 The der-
mis thickness varies widely around 2 to 4 mm and has an order
of magnitude less absorption and scattering than the epidermis.
The subcutis (or hypodermis) is below the dermis and also has
variable thickness in the mm range and is the prime location for
implants which are intended to measure the composition of
interstitial fluid.21
The absorption of light in skin has a significant draining
effect on PV powering of implants. In the near IR spectrum, the
material differences between the different types of skin have less
consequence than the total amount of water or hemoglobin
present, which are the dominant absorbers.22 In general, muscle
tissues are simpler and are modeled using a similar scheme with
a lower number of layers than those needed for skin.23 near
infrared (NIR) light absorption in human skin is shown in
Fig. 3.24
Control
circuit
Laser driver
External reader
Laser
Implant
Power
manager
Potentiostat
CMOS
PD
CMOS
PD
Laser driverVCSELDemodulator LNA PD
Sensor
ModulatorOptics
Skin
Fig. 1 Complete system depicting optical power harvesting and optical communication system.
Fig. 2 Anatomy of human skin.19
Fig. 3 Wavelength-dependent absorption of different components of
human skin,24 (1–stratum corneum, 2–living epidermis, 3–papillary
dermis, 4–upper blood net dermis, 5–reticular dermis, 6–deep
blood net dermis, 7–subcutaneous fat).
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Scattering is also a significant factor in optical system design
and results from many different types of particles in the tissue.
Scattering is also wavelength dependent since there are many
different sizes of particles present. Scattering in tissue layers
near the skin surface in the NIR regime is shown in Fig. 4.25
It is evident that scattering increases with a decrease in wave-
length, but is fairly constant in the range of 750 to 1000 nm.
The scattering coefficient (μs) is a parameter defined to
mathematically include scattering as a loss mechanism as in
the light transport equation,26
EQ-TARGET;temp:intralink-;e002;63;380IðxÞ ¼ Ioe−½αðλÞþμsx: (2)
The reduced scattering coefficient is defined to include the
effect of anisotropy of the scattering properties of tissue.
Another parameter, g, is added to the model which is called the
coefficient of anisotropy and varies between 0.69 and 0.99 for
biological tissues (g ¼ 0 for isotropic media).27 Finally, a
reduced coefficient of scattering is defined (μ 0s), as in the follow-
ing equation:27
EQ-TARGET;temp:intralink-;e003;63;271μ 0s ¼ ð1 − gÞμs: (3)
Reflectance is another significant loss mechanism. The mag-
nitude of reflectance depends upon skin type and should be
experimentally determined.28 Due to the multilayer structure,
reflections must be accounted for at multiple interfaces in the
skin. However, the net effect of reflection can be captured
using a properly defined reflection coefficient under suitable
conditions.29 The above analysis suggests that the NIR region
(also known as the “therapeutic window”) in the optical spec-
trum has minimal overall loss and can provide maximal signal
transfer to a subcutaneous implant.27 The overall transmission
equation for light in this wavelength region can be written as
EQ-TARGET;temp:intralink-;e004;63;119IðxÞ ¼ ΓIoe−½αðλÞþμ 0sÞx: (4)
Here, Γ is the fraction of light that enters skin from the total
light intensity that shines on its surface (incorporating reflec-
tion). Using typical parameters of 3 mm for thick skin, for
850 nm wavelength i.e., α ¼ 0.1 mm−1, μ 0s ¼ 1.6 mm−1,
Γ ¼ 0.7,22 we can calculate that the efficiency of light reaching
the CMOS implant will be quite low, 0.27%. Therefore, the
majority of the light gets absorbed, reflected, or scattered before
reaching the CMOS device, thus high-light intensity is needed to
generate appreciable power in the device.
The above-mentioned therapeutic wavelength range can also
be used for data telemetry. But silicon is not an efficient active
element for manipulating optical frequency signals.11 Hence, we
demonstrate communication using a compound semiconductor-
based VCSEL from ULM Photonics.30 These devices have very
low-threshold current and one of the lowest threshold voltages
for devices in our desired wavelength range in the therapeutic
window. An external photodetector from Thorlabs31 was used to
detect the VCSEL signal.
2.1 Optoelectronic Analysis
Optoelectronic analysis is required to optimize the properties of
CMOS-based electronic devices as PV systems. The analysis
begins with calculating the open circuit voltage of a p–n junction
PV device which is given by following relationship:11
EQ-TARGET;temp:intralink-;e005;326;506VOC ¼
nkT
q
ln

Jsc
JO
þ 1

: (5)
Here, Jsc is the short circuit current which is related to the
photogenerated current and JO is the reverse saturation current
of the p–n junction. The logarithmic dependence of voltage to
the ratio of these currents shows that high-light intensities are
required to create a large number of photogenerated carriers
(photocurrent) while maintaining a very low-reverse saturation
current. Thus, critical design aspects of the absorber are the fab-
rication quality of the junction (n) as well as the device layout
design which determines the level of reverse saturation current.
The photogenerated current from a p–n junction PV device
comes from electron–hole pair generation due to photon absorp-
tion/excitation. For most cells with small series resistance, the
short circuit current and photogenerated current are almost equal
and the short circuit current (Jsc) can be determined from the
photogenerated current (Jph), as shown by the following rela-
tionship:11
EQ-TARGET;temp:intralink-;e006;326;286Jsc ¼ qðLn þ Lp þWdÞG ¼ qNQEðλÞ ¼ JphðλÞ: (6)
Here, QE is external quantum efficiency,N is number of pho-
tons, and q is the electronic charge. Clearly, maximizing the
available region where photons can be absorbed and resulting
electron–hole pairs can be collected before recombination is par-
amount. This area depends upon the depletion region width of a
p–n junction device (Wd) as well as the diffusion length of
minority carriers in the pðLpÞ and nðLnÞ regions. The area
of the PV cell is denoted A, and G is the rate of photogenerated
electron–hole pairs. Since the rate of photogenerated electron–
hole pairs for a given wavelength depends linearly upon the light
intensity, we utilized a laser for its ability to deliver a narrow
intensity enabling both high current and high-cell potential.
For a PV device under load which has a maximum capacity
to generate photocurrent Jsc, only a portion of it can be provided
to the load for a nonzero voltage V loaded across the device. This is
given by the following equation:11
Fig. 4 Scattering coefficients of different layers of the skin tissue and
fitting results fromMie and Rayleigh theories which describe the spec-
tral dependence of the reduced scattering coefficient of human skin in
vitro and its approximation by power law.25
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EQ-TARGET;temp:intralink-;e007;63;734V loaded ¼
nkT
q
ln

JSC − Jload
JO
þ 1

: (7)
In theory, the maximum available power is given by a prod-
uct of the maximum output voltage (open circuit voltage Voc)
and the maximum available current (short circuit current Jsc).
However, in practice, operating at this maximum is not possible
due to the loading effect from the device’s impedance. To cor-
rect for this, a fill factor (FF) is defined to include the effect of
loading on the cell. It is described by11
EQ-TARGET;temp:intralink-;e008;63;622FF ¼ JmVm
JscVoc
: (8)
Here, Jm and Vm are the output current density and output
voltage at the maximum power point. The FF is often used to
define the maximum cell output in terms of the cell character-
istics as11
EQ-TARGET;temp:intralink-;e009;63;534Pm ¼ FFVocIsc: (9)
The maximum power point is reached when the cell is loaded
with its characteristic load impedance11
EQ-TARGET;temp:intralink-;e010;63;481 ch ¼
Vm
Im
: (10)
Thus, maximizing FF is as important as maximizing Voc and
Isc to get optimal cell output power. FF is maximized by
decreasing the amount of photogenerated current not converting
into cell output which is lowering the available voltage and cur-
rent. To do this, we must optimize the system geometry as will
be discussed in the next section.
2.2 System Implementation
For system implementation, the CMOS designs are physically
realized using TSMC 250 nm standard CMOS technology
offered through MOSIS service. Different available junctions
in this CMOS process are shown in Figs. 5 and 6.
Generally, n–p diodes are expected to have a better spectral
response compared with p–n diodes due to higher electron
mobility and lower hole mobility.11 Also, lightly doped regions
have low-recombination rates (because of larger minority carrier
diffusion lengths) and thus perform better than highly doped
regions. Additionally, each type of junction is expected to
have a slightly different quantum efficiency and hence different
responsivity (amps/watt) to light input. From a comparison
between different photodiodes in the literature,32 it is evident
that the n-well/p structure is the best option for maximizing cur-
rent. Some standard CMOS processes have only basic n- and
p-wells, whereas others have both standard and deep n- and
p-wells which are crucial to consider since deep wells are
very useful for implementing high voltages in standard CMOS.
An obstacle to achieve high voltages in CMOS is the
common shared substrate that causes leakage when stacking
PV devices.33 For series stacking, none of the possible n+/p sub-
strate, n-well/p substrate, and p+/n-well diode designs can be
used due to the parasitic buried diode junctions as shown in
Fig. 7. It is important to note that CMOS substrates are normally
p-doped and hence have to be connected to the lowest potential
in the circuit for proper operation of the transistors.
Different solutions have been previously proposed, including
the use of external components to compensate for substrate volt-
age leakage33 or the use of DC–DC converters to boost the avail-
able voltage.34 However, most of these correction methods
require a large area or complex circuit design which increases
system complexity and hence size requirements. In our design,
we utilized the deep-well type structures since these are success-
fully used to electrically isolate different parts of circuits in RF
applications.15 For a standard CMOS process with deep NWell
regions, different types of doped regions (lightly doped wells,
highly doped contact regions, very lightly doped substrates,
and so on) are available to build a PV cell. These are shown
in Figs. 8 and 9 [ohmic contacts to P and N regions are
made by respective highly doped regions (P+ and N+)].
The result of the parasitic bipolar junction transistor struc-
tures is leakage of current to the substrate and a decrease of the
percentage of photocurrent available for the load.33 Substrate
leakage also limits the current of the stacked devices even
when large photocollectors are used. In this design, three diodes
P Substrate
Nwell(Cathode 1&2)
P+(Anode 1) N+
0.25 µm 1 µm
N+
(Cathode 3)
10 µm
Nwell
(Cathode 4)
P+(Anode 2)
N+
P+
(Anode 4)
P+
(Anode 3)
Fig. 5 Types of junctions in standard complementary metal oxide semiconductor (CMOS) devices.
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(Anode 4)
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Fig. 6 Types of junction diodes in standard CMOS: (a) P+/NWell,
(b) N+/Psub, and (c) Nwell/Psub.
Journal of Biomedical Optics 095012-4 September 2015 • Vol. 20(9)
Mujeeb-U-Rahman et al.: Optical power transfer and communication methods for wireless implantable sensing platforms
Downloaded From: http://biomedicaloptics.spiedigitallibrary.org/ on 12/17/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
can be stacked in series by using the topology in Fig. 9 (shown
by the darker connections). This method of stacking is challeng-
ing due to the current matching requirements between different
types of diodes. However, recursive design testing enabled us to
achieve sufficient matching between the devices and deliver cur-
rent to power the electronic control system. Thin-metal contacts
(lower level metals in the CMOS process) are used for current
collection to maximize the collection of photogenerated carriers.
A PV device on the actual CMOS die is shown in Fig. 10.
As mentioned earlier, optical telemetry links are an attractive
option for ultrasmall footprint requirements.35 A VCSEL is the
smallest commercially available laser and hence is a clear choice
for optical communication at this size scale.36 The laser can be
further miniaturized by thinning down the compound semicon-
ductor handle substrate made of GaAs. In addition to mechani-
cal polishing, the substrate can be etched away with a piranha
solution of 4H2SO4: 1H2O2: 1H2O2, while the front side is pro-
tected with wax or a similarly inert layer. In our experiment, the
etch rate in such a chemistry was determined to be ∼1 μm∕min.
This thinning process facilitates subsequent bonding and fabri-
cation steps since the resulting device surface has more surface
roughness. A thinned down VCSEL along with its mirror struc-
ture revealed through focused ion beam etching and HF etching
is shown in Fig. 11.
3 Testing and Results
The setup used for PV device testing consists of a high-power
805 nm IR laser (0.8 W), a Keithley 2400 source meter and a
balanced optical table setup for alignment. An Agilent/HP 4155
semiconductor parameter analyzer in an electrical probe station
was used to do electrical testing of the devices.
A similar testing scheme was used for measuring the
VCSEL. Insulating glue was used to bond the VCSEL to the
CMOS substrate. Electrical connections between the circuit
and VCSEL were made with gold wire-bonds. The semiconduc-
tor parameter analyzer was used to run a voltage sweep on the
K
(a)
A
Surface
diodes
Substrate
diodes
DC DC DC
DC DC DC
K
(b)
A
Surface
diodes
Substrate
diodes
Fig. 7 Effect of parasitic devices on diode stacking: (a) diagram of diodes showing parasitic junction
shorting (dotted line) and (b) equivalent circuit showing resulting voltage sources shorting (dotted line).
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Fig. 8 Types of junctions in deep NWell CMOS process (DNW is
used to abbreviate “deep NWell,” NW is for “NWell,” Pdnw is for “P
region in deep NWell”).
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Fig. 9 Devices in deep NWell-based CMOS process (junction diodes
and parasitic BJTs).
Fig. 10 Micrograph of CMOS photovoltaics (PVs) utilizing deep
NWell-based design.
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VCSEL and measure its response. An external signal generator
was used to generate a bit stream to be transmitted by the
VCSEL. A Thorlabs PIN photodetector (FPD510) was used
to measure the resulting signal which was fed to an oscilloscope
for display.
The results from optical testing of the PV modules are pre-
sented in Fig. 12 for an individual surface diode. The device was
illuminated with the 805-nm IR laser and the response was mea-
sured using the source meter.
The response for all the devices in the deep NWell-based
design was measured under the same conditions and is summa-
rized in Table 1. Here, D1 denotes a 30 μm × 30 μm surface
diode, D2 denotes a 100 μm × 100 μm surface diode, and D3
denotes a 500 μm × 500 μm surface diode. Electrical stacking
of a surface diode and a deep NWell diode is referred to as
“2 diodes” and the stack of all three devices, i.e., surface,
deep NWell, and substrate device is referred to as “3 diodes.”
Different tissue thicknesses were tested and compared
against each other to understand the effect of implantation
depth on system performance. Typical results for a 3-mm
thick chicken skin and tissue are plotted, along with results
in air, in Fig. 13. It is expected that the subtracting effects
due to the tissue can be minimized by using a better focusing
mechanism (e.g., an integrated lens) or by an improved in vivo
focusing mechanism.37
These results show the output efficiency to be around 0.4%
which is reasonably close to the calculated value of 0.27%. The
difference can most likely be attributed to the variance between
the theoretical and actual parameters for the skin sample used in
the study.
The received power can be increased by improving the focus
of the light source using a focusing lens, as shown by results in
Table 2. It was observed that further delivered power enhance-
ment was possible, but the photon intensity was high enough to
cause tissue damage.
Fig. 11 (a) Vertical cavity surface emitting laser (VCSEL) chip after etching and (b) cross section of the
active area of the device.
Fig. 12 PV response of a single surface diode.
Table 1 Photovoltaic (PV) response of deep NWell-based compli-
mentary metal oxide semiconductor devices.
Diode
Open circuit
voltage
Short circuit
current (D1)
Short circuit
current (D2)
Short circuit
current (D3)
Deep
NWell
0.75 V 50 μA 200 μA 500 μA
Substrate 0.6 V 250 μA 1 mA 1.5 mA
Surface 0.7 V 40 μA 150 μA 375 μA
2 diodes 1.1 V 30 μA 110 μA 230 μA
3 diodes 1.4 V 25 μA 75 μA 120 μA
Fig. 13 PV response of a stacked CMOS NWell device.
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Another measurement was done to compare the performance
of the photodiodes with different geometries, as shown in
Fig. 14. It was evident that the design consisting of distributed
structures with higher peripheral areas around the p–n junction
provide higher output current. Further optimization using rigor-
ous mathematical modeling of the CMOS process parameters
could be done to further enhance the PV system efficiency.
The results from the geometry comparison are listed in
Table 3. As discussed before, the best geometry (SD4 in Fig. 14)
with the same geometrical area is 30% more efficient compared
to the standard geometry (SD1) which is normally used for p/n
diodes in the CMOS device library.
For optical telemetry, the 850-nm wavelength VCSEL was
tested before and after etching of its bulk GaAs substrate. A typ-
ical output from the VCSEL is shown in Fig. 15. As can be seen
in the I − V curves, the threshold voltage remained the same
after etching away the substrate, and for the same driving
voltage past the threshold, the current increased for the etched
VCSEL, possibly due to less leakage into the substrate.
As noted earlier, a high-power laser (0.8 W, 805 nm) was
used to power the integrated PV power supply. Due to scattering
in the skin and tissue, some of this high-power laser may also
illuminate the VCSEL. Experiments were performed to find the
effects of such high intensities on the low-power VCSEL telem-
etry link. It was found that the power input laser increased the
amplitude of the VCSEL signal (approximately 20% to 30%)
and showed no negative effect on the communication signal
from the VCSEL, as shown in Fig. 16.
We speculate that the increase in signal amplitude is due to
the optical pumping of the VCSEL by the laser. This does not
increase the signal level to a very large extent because the front
mirror in the VCSEL design reduces the intensity that reaches
the active medium. This shows that the optical components of
the system (power and communication) can be used simultane-
ously as the power signal does not adversely affect the telemetry
signal.
4 Conclusion
In this work, we demonstrated the use of optical links for both
power transfer and communication for fully wireless implants.
We provided the details of a system design which demonstrates
that the “therapeutic window” in the NIR range can be effec-
tively used for power transfer and data telemetry for such
implants. Since this wavelength window falls within the range
of the silicon absorption band, simple CMOS-based devices can
p/p+
n-well
(b)(a)
(c) (d)
Fig. 14 Photodiode geometries for the CMOS PV design. The gray
area denotes the n-doped well and the white area denotes p/p+ doped
areas: (a) SD1, (b) SD2, (c) SD3, and (d) SD4.
Table 2 Effect of laser focusing on performance of deep NWell PV
system.
Diode Open circuit voltage Short circuit current (D1)
Deep NWell 0.8 V 70 μA
Substrate 0.6 V 350 μA
Surface 0.7 V 65 μA
2 Diodes 1.1 V 42 μA
3 Diodes 1.4 V 30 μA
Table 3 Photodiode geometry comparison.
Diode Open circuit voltage Short circuit current
Surface diode 1 (SD1) 0.7 V 30 μA
Surface diode 2 (SD2) 0.66 V 41 μA
Surface diode 3 (SD3) 0.63 V 44 μA
Surface diode 4 (SD4) 0.6 V 50 μA
Fig. 15 I − V curves of a VCSEL chip before and after etching.
Time (a.u.)
36mV
Pk-Pk
(Dotted
line)
0.01 s
50mV
Pk-Pk
(Solid
line)
Fig. 16 VCSEL output before (dotted line) and after (solid line) power
laser illumination.
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be used for miniaturization of the overall system. This has the
added advantage that silicon-based CMOS electronics can be
used for extreme miniaturization of the overall device.
Furthermore, since silicon is not an efficient material to modu-
late optical signals, we added compound semiconductor-based
microlasers for telemetry transfer as their wavelength range also
falls within the “therapeutic window.”Next, we showed that suf-
ficiently high voltages and currents can be generated from
miniaturized CMOS integrated PV devices if concentrated
laser light is used as a power source and high-quality junction
diodes (large n, small reverse saturation current) are used as PV
devices. Photogenerated voltage can further be increased if deep
NWell designs are utilized. In this regard, we presented a top-
ology which enables connecting three diodes in series in deep
NWell-based CMOS processes to achieve high voltages. We
also showed that high currents can be generated using substrate
diodes owing to the large absorption region in these devices
while still maintaining an overall small lateral footprint. We
also demonstrated that these optical schemes can be used to
transfer enough power, e.g., subcutaneous implant and that opti-
cal telemetry can be achieved using an ultrasmall VCSEL
bonded to the CMOS platform. We also showed that such com-
munication is possible in the presence of a large background
illumination from a high-power laser as long as the power and
communication wavelengths are sufficiently far away from each
other, while still being within the “therapeutic window.” This
makes it possible to use completely optical methods for fully
wireless implants and hence advances the techniques available
for extreme miniaturization of implants which can eventually
lead to long-term applications of such devices in many clinical
applications.
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